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A Kondo lattice of strongly interacting /-electrons immersed in a sea of conduction electrons 
remains one of the unsolved problems in condensed matter physics. The problem concerns local¬ 
ized /-electrons at high temperatures which evolve into hybridized heavy quasi-particles at low 
temperatures, resulting in the appearance of a hybridization gap. Here, we unveil the presence of 
hybridization gap in Ce 2 RhIn 8 and find the surprising result that the temperature range at which 
this gap becomes visible by angle-resolved photoemission spectroscopy is nearly an order of mag¬ 
nitude lower than the temperature range where the magnetic scattering becomes larger than the 
phonon scattering, as observed in the electrical resistivity measurements. Furthermore the spectral 
gap appears at temperature scales nearly an order of magnitude higher than the coherent tempera¬ 
ture. We further show that when replacing In by Cd to tune the local density of states at the Ce^^ 
site, there is a strong reduction of the hybridization strength, which in turn leads to the suppression 
of the hybridization gap at low temperatures. 

Heavy fermion (HF) materials present properties of 
great interest related to non-trivial ground states, such as 
unconventional superconductivity and non-Fermi-liquid 
behavior, that frequently appear in the vicinity of a mag¬ 
netically ordered state mn]. The microscopic nature of 
the hybridization between the 4/ and conduction elec¬ 
trons (which we label ce) is a key ingredient of the under¬ 
lying physics of these phenomena. In some particularly 
cases, the f — ce hybridization at low-T reveals a nar¬ 
row stripe of spectral weight at zero frequency, which 
splits the conduction bands into two pieces separated 
by a hybridization gap [3]. As such, the existence of a 
temperature-dependent hybridization gap could be taken 
as a hallmark of HF behavior. 

The compound we study here, Ce 2 RhIn 8 (Ce218), is 
a member of the Ce^MIn 3^+2 (AT = Co, Rh, Ir; and 
m = 1,2;) family, which hosts many heavy fermions 
superconductors (HFS) in related structures [4]. Their 
structures have layers of MIn 2 stacked between m-layers 
of Celns along the c-axis, resulting in the 1-1-5 struc¬ 
ture CeMIns (m = 1) and the 2-1-8 structure Ce 2 MIn 8 
(m = 2). Ce218 is an antiferromagnet below 2.8 K, and 
under pressure, a HFS [5]. Its crystal structure is shown 
in Fig. la. The electrical resistivity of Ce218 first de¬ 
creases with decreasing temperature, but then increases 
below ^ 200 K [U [4] reaching a maximum at T ^ 5 
K, below which the magnetic scattering becomes coher¬ 
ent. At lower T a small kink is observed at T/v = 2.8 K. 

The antiferromagnetic (AFM) transition can be tuned by 
exchanging In for Cd 013, as it can be seen in the mag- 
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netic specific heat data {Cmag) shown in Fig. lb. The 
figure shows that in Ce 2 RhIn 7 . 79 Cdo .21 compounds, the 
substitution changes T^v from 2.8 K to 4.8 K. 

In this work we report temperature dependent angle- 
resolved photoemission spectroscopy (ARPES) experi¬ 
ments on Ce218, which show the appearance of the hy¬ 
bridization gap in the electronic structure of the material 
at temperatures below T = 20 K, and its suppression 
when the hybridization is tuned by doping Ce218 with 
Cd. We further find that the gap is maximum in the 
region close to the center of the 1st Brillouin zone (BZ), 
while being hardly detectable in the two outermost cylin¬ 
drical sheets around the irreducible zone corner. The 
detailed evolution of the hybridization gap at low-T is 
discussed in terms of the relevant energy scales of Ce218 
in comparison to related HF materials. 

The ARPES experiments were performed at the Syn¬ 
chrotron Radiation Center at the U1 4m-NIM beamline 
using photon energy of 22 eV, with a resolution of ^ 15 
meV and a Scienta R4000 spectrometer. Additional mea¬ 
surements at circular polarization were performed at the 
U9 VLS-PGM beamline with a Scienta 200U analyzer. 
The samples were cleaved in situ, perpendicular to the 
[001] direction, and measured along cuts parallel to the 
[100] direction, mantaining a pressure below 5 x 10“^^ 
Torr. 

Eig. Ic shows a sketch of the irreducible BZ. The Eermi 
surface sheets are obtained from a careful analysis of the 
momentum distribution curves at Ep measured in Cel28. 
Detailed measurements of temperature, photon energy 
and polarization dependences are discussed in a related 
publication [8]. Here we observe 3 electron-like sheets 
around the zone center and 4 barrel-like sheets centered 
at the corner. The dashed lines in Eig. Ic correspond 
to bands that are suppressed by matrix elements in the 
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measurement configuration shown here. From extensive 
kz dispersion experiments as a function of photon en¬ 
ergy m, we determined that at 22 eV photon energy, the 
{kx iky) = (0,0) point in Fig. Ic is located at about 4/5 
of the distance between F and Z. Here we consider data 
along cuts in the BZ indicated by the dashed red lines 
in Fig Ic. In Fig. Id we show the energy-momentum 
intensity map measured at 20 K and hv = 22 eV along 
Cut 1 in Fig.lc. The small black-and-white inset (on 
the positive side of the momentum scale) was taken us¬ 
ing circularly polarized incident photons to better show 
the band structure near Ep- We can clearly observe two 
bands in the vicinity of the Fermi energy: one displays 
a linear dispersion while the inner-most resembles an in¬ 
verted parabola, which is just below the Fermi energy. 

The details of the region enclosed by the white rectan¬ 
gle in Fig. Id are shown in Fig. 2 as a function of tem¬ 
perature, for: a) T = 200 K; b) T = 125 K, c) T = 60 
K and d) T = 20 K. Here the data are divided by a 
Fermi-Dirac (FD) distribution calculated using the ex¬ 
perimental resolution and temperature. Although these 
intensity plots are illustrative, they do not provide quan¬ 
titative information. More precise spectroscopic infor¬ 
mation is obtained from the Energy Distribution Curves 
(EDCs) in Eig. 2e, which have also been divided by an 
effective ED distribution curve. The EDCs are obtained 
at momenta corresponding to the Eermi vector (/ci?), i.e. 
where the linear band (indicated by a dashed line in Eig. 
2a) crosses the Eermi energy Ep^ At T = 200 K (Eig. 
2 a), the intensity map clearly shows that both bands de¬ 
scribed earlier cross Ep. As the temperature is lowered 
to 125 K (Eig. 2b), the excitations develop flat-topped 
coherence peak above the Eermi energy (red dashed EDC 
in Eig. 2e). At 60K, more spectral weight is transferred 
below the Eermi energy, and once T is lowered to 20 K, a 
small gap of about 4 meV develops. We assure ourselves 
of the presence of a gap by also comparing the raw EDC 
from the Ce218 sample at T = 20 K to that of a gold 
reference at the same chemical potential of the sample as 
shown in Eig. 2f. 

Strong hybridization effects are less prominent away 
from the zone center. Near the zone edge (Cut 2 in Eig. 
Ic) the barrel-like bands can be seen dispersing through 
Ep in Eig. 2g at 60 K. At T = 20 K, while the intensity 
map in Eig. 2h indicates a suppression of intensity at 
Ep due to a sharpening of the Eermi function, the ED 
divided EDCs (Eig. 2 i) taken at positions labelled 1 , 2 , 
and 3 of Eig. 2h, indicate little hybridization effects. The 
EDCs show evidence for suppression of spectral weight 
for the inner-most barrels (^^1 and 7 ^ 2 in Eig. 2i) but 
no spectral weight reduction is seen for the outer-most 
barrel (#3 in Eig. 2i). Even though spectral weight 
reduction might occur, no clear spectral gap can be seen. 

We also studied the effects of electronic tuning by re¬ 
placing In by Cd (which contains one less p-electron). 
This substitution increases the magnetic specific heat, 
as shown in Eig. la, while suppressing Kondo scatter¬ 
ing 0 . Eig. 3 presents the ARPES data taken at 20 



FIG. 1: a) Unit cell of Ce 2 RhIn 8 . b) CmagiT for pure {x = 0) 
and Cd-doped (x = 0.21) samples [7]. The single crystals were 
grown from In-flux [5]. c) Fermi Surface sheets of Ce 2 RhIn 8 
at low temperature [8] . The dashed lines correspond to bands 
that are suppressed by matrix elements in the configuration of 
the measurement presented here. The red dash-dotted lines 
represent the two regions of interest discussed in the text, d) 
Energy-momentum ARPES intensity map along a high sym¬ 
metry direction, Cut 1 of c) taken at 20 K. The black-white 
region was taken using circularly polarized incident photons. 


K for a Ce 2 RhIn 7 . 79 Cdo .21 sample. Eig. 3a shows the 
ED-divided intensity map of the dispersion along Cut 1 
of Eig Ic. Eig. 3b is an enlarged view of Eig. 3a, in 
the same energy interval used for Eig. 2c. Although the 
inverted parabolic band appears to be absent, in fact the 
Cd substitution results in a shift in Ep. At this point, we 
cannot ascertain if there is a rigid band shift or not. The 
disappearance of the spectral gap can be more clearly 
seen in Eig. 3c, where we plot a comparison of the pure 
and doped compound EDCs at kp nt T = 20 K. The 
doped compound, instead of a gap shows the appearance 
of a broad peak at low temperatures. 

Previously, Raj et al. [9] compared the ARPES mea¬ 
surements of Ce 2 (Co,Rh)In 8 to EDA band calculations, 
arguing that the 4/ electrons are relatively more local¬ 
ized in Ce 2 RhIn 8 than in Ce 2 CoIn 8 . Similar conclusions 
where reached by Eujimori et al. HO], who found that the 
4/ electrons are fully localized in CeRhIns and Celrins. 
Koitzsch et al m studied the temperature dependence 
of the dispersion and peak widths of CeCoIns close to the 
zone corner of the BZ, suggesting the presence of some 
hybridization effects. More recently Rui Jiang et al. [12] 
compared ARPES data of the Ce 2 RhIn 8 compound with 
density functional theory calculation, suggesting a see- 
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FIG. 2: ARPES intensity map of the conduction electrons 
near Ep (white dash-dotted square of Fig.Id), measured at 22 
eV and normalized by the FD distribution of each appropriate 
temperature for: a) 200 K; b) 125 K, c) 60 K nd d) 20 K. e) 
FD-divided EDCs taken ai kp for the same temperature of 
the maps, f) Raw EDCs taken at 20 K comparing Ce218 to 
a gold reference measured at the same temperature. Energy- 
momentum ARPES intensity map of the conduction electrons 
along the Cut 2 of Fig. Ic measured at 22 eV at temperature: 
g) 60 K and h) 20 K. i) EDCs taken a-t kp for the positions 
labelled 1, 2 and 3 in panel h). 
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nario consistent with localization of the / electrons. In 
contrast, our results clearly show the presence of a hy¬ 
bridization gap in a member of the Ce^MIn 3^+2 = 
Co, Rh, Ir; and m = 1,2) family and its evolution with 
temperature and chemical substitution. 

We further note that the spectral gap is mainly ob¬ 
served in the states that exhibit kz dispersion, i.e. ones 
with 3D character. This suggests that the Ce 4/ states 
hybridize mostly with the out-of-plane p-states of In 
(from Rhln 2 layer). Our findings may be related to the 
theoretical and experimental results discussed by Shim 
et al. [3] for the counterpart Celrins. The authors point 
out the presence of two values of the hybridization gap 
observed from optical conductivity depending whether 


the Ce is coupling with the in-plane or out-of-plane In 
p-electrons. 

We now discuss the Cd-doping effects in Ce 2 RhIn 8 . 
Fig. 3a shows a lowering of the chemical potential, as 
the bands shift to lower binding energy (see Figs. Id 
and 3a for comparison). We do not detect any obvi¬ 
ous changes in the measured dispersions, so that the 
changes are akin to a rigid shift of the bands by ^ 0.1 
eV. Our ARPES data give microscopic evidence that the 
hybridization at the chemical potential is reduced upon 
lowering the p-electron count, shown by the suppression 
of the hybridization gap at T = 20 K for the doped com¬ 
pound, visible in both the intensity map, Fig. 3b, and 
the EDC (light-green dotted curve in Fig. 3c). Now, a 
broad peak is clearly visible, together with a dip in the 
spectra. This shows the appearance of partial coherence, 
which in turn leads to the appearance of the spectral gap. 
We note that we have not considered a possible shift of 
one of crystal-field split levels of the J = 5/2 multiplet. 

In fact, the suppression of the hybridization strength 
with Cd-substitution, along with a suggestion that the 
4/-states hybridize mostly with the In out-of-plane p- 
states [3] as shown here, may explain why Cd-doping 
increases T/v of the AFM phase for both tetragonal 
CeRhIns and Ce 2 RtLln 8 (m = 2, n = 1) [6l[7], whereas it 
shows the opposite effect in the cubic Celus m- In the 
Celus structure there is only one in-plane In(3) site which 
is weakly hybridized with the Ce^+ 4/ electrons. As such, 
Cd-doping in this site does not significantly decrease the 
Kondo effect in favor of AFM. Therefore, other effects 
associated with Cd-doping, such as disorder and changes 
in the crystalline electric field (CEF) potential, can cause 
the suppression of T/v. Furthermore, the ground state 
tunability of the Ce^MIn 3^+2 compounds by changing 
M = Co, Rh, Ir or Pd g], also fits with our findings: Ce 
/-electrons hybridize more strongly with out-of-plane In 
p-states which are sensitive to changes in M and there¬ 
fore these effects may play a role in the tuning between 
AFM and SC in this family. 

To gain some qualitative insights from our results, we 
have modeled the T-crossover of the /-electron behavior 
as a function of the hybridization strength. We assume 
that the /-states are de-hybridized from the ce bands 
at high-T, and evolve to a mixed state at low-T, giving 
rise to a coherent band of heavy quasi-particles. This 
de-hyhridization transition [Hill] can be approximately 
described using a Periodic Anderson Model where the 
many-body effects are included through the finite life¬ 
time Tf of the correlated /-quasi-particles. The details 
of our calculation are shown in the Supplemental Infor¬ 
mation. The de-hybridization transition is clearly exhib¬ 
ited through the total spectral density associated with 
electron excitations. The total spectral density A{kc,uj) 
at the wave-vector kc where the original non-hybridized 
bands cross is shown in Fig. 4a, for temperatures above 
and below the de-hyhridization temperature Ty. For 
Ce218, we estimate Ty to be 29 K. 

Fig. ^ displays Ty as a function of Vrof/h^ where 
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FIG. 3: a) FD divided ARPES intensity map of the con¬ 
duction electrons near Ep measured at 20 K and 22 eV for 
Ce 2 RhIn 7 . 79 Cdo. 21 - b) Enlarged view of the map of panel a) 
showing the equivalent energy range of Eig. 2c. c) ED nor¬ 
malized EDCs taken at kp to compare the pure and doped 
compounds at 20 K. 
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EIG. 4: a) The spectral density at /c = /Cc for T = 10 K (solid 
line) and T = 120 K (dashed line). It was used, Ef — fi — 
-0.01 eV, V = 0.25 eV, = 2 eV and Tk = 50 K. b) Tv 
as a function oiVrQf /H. (See Supplemental Information). 


V is the mixing term (i.e., hybridization) and Tf is the 
finite lifetime of the correlated /-quasi-particles. It can 
be seen from Fig. IT that as V or tq/ decrease, Tv drops. 


Above Ty, the /-local states remain decoupled from the 
ce bands. In this de-hybridized regime the ce act essen¬ 
tially as carriers that mediate the RKKY (Ruderman- 
Kittel-Kasuya-Yosida) interaction between the local /- 
moments. In the regime of large V and for T < Ty, the 
f — ce electrons are strongly hybridized, giving rise to a 
narrow band of correlated quasi-particles. It then follows 
that a decrease in hybridization or of the lifetime of the 
/-states by, for example, doping the Ce218 with Cd, re¬ 
duces Ty, consistent with our results. Further details on 
these possible effects are discussed in the Supplementary 
Material. 

It is worthwhile noticing that Ce 2 RhIn 8 seems to be 
propitious for the observation of the hybridization gap 
in our ARPES experiments, probably due to the energy 
scales of the problem. For Ce 2 RhIn 8 , the first CEF ex¬ 
cited state is around Tcef ^ 70 K m, well above T 
^ 5 K where the electronic coherent state actually fully 
develops. Meanwhile for CeMIns (M = Co, Rh and Ir), 
Tcef ^ 70 K [18] is reasonably close to the maximum of 
the resistivity that appear about 50 K [4[[T9l|20]. There¬ 
fore, the fact that the hybridization effect will involve two 
CEF doublets with distinct hybridization strengths, and 
that presumably these compounds present higher coher¬ 
ence energy scale, may smother out the spectral features 
to a wider and higher temperature range (See the Sup¬ 
plemental Information) which may make them difficult 
to be observed experimentally. 

In conclusion, we report the observation of the hy¬ 
bridization gap in Ce 2 RhIn 8 which is suppressed by Cd- 
doping. Furthermore our show strikingly distinct tem¬ 
perature scales related to the opening of the hybridiza¬ 
tion gap and to /-electron coherence. These separate 
energy scales for each phenomena suggest distinct hy¬ 
bridization strength involving the Ce^+ 4/ CEF energy 
levels. 
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